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Bulk-sensitive high-resolution photoemission was carried out on a prototype 3d 1 metallic 
Sri-zCazVOa. In a strong contrast to so far reported results, the bulk spectral functions are 
revealed to be insensitive to x. The conservation of the density of states at the Fermi level in spite 
of the electron correlation is clarified by the successful suppression and deconvolution of the sur- 
face contribution. Our study has demonstrated the importance of high-energy and high-resolution 
photoemission spectroscopy for revealing detailed bulk electronic states of transition metal oxides. 

PACS numbers: 79.60.Bm, 71.27.+a, 71.20.Be 



The effect of the electron correlation to electronic 
states of transition metal (TM) oxides is still one of the 
most important and essential topics in condensed mat- 
ter physics. The electronic structures of insulating TM 
oxides are basically understood in a framework of the 
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Hubbard model 1] and/or Mott insulator description. [2j 
The occupied (unoccupied) d orbitals hybridized with the 
neighboring O 2p orbitals form the lower (upper) Hub- 
bard band in the presence of the electron correlation. 
The electron correlation is scaled by the on-site Coulomb 
repulsion between the d electrons U over a transfer in- 
tegral t between the mutually neighboring TM 3d states 
via the O 2p orbitals, namely, U/t. In metallic but cor- 
related TM oxides, it has been recognized that the lower 
and upper Hubbard bands remain as the so-called inco- 
herent parts reflecting the electron correlation. A renor- 
malized band crossing Ep (coherent part) is located be- 
tween the occupied and unoccupied incoherent parts. |3J 
Here reported Sri-zCa^VC^ is one of the metallic Mott- 
Hubbard systems. The occupied 3d electronic structures 
are expected to be simple because of the nominal 3d 1 
(V 4+ ) configuration. SrVC>3 has a cubic structure with 
the V-O-V bond angle of 180° whereas the angle is about 
160° in CaV03 due to the smaller ionic radius of Ca 2+ 
than that of Sr 2+ . |^| It is generally thought that t is 
smaller in CaV03 than in SrVC>3 due to the V-O-V dis- 
tortion whereas U is fairly independent of x. Therefore 
one might expect that U/t is larger for CaV03 than for 
SrVC>3. However, measurements of the electron specific 
heat and magnetic susceptibility suggest that the mass- 
enhancement does not change appreciably with x, Q 
casting a serious question on the above scenario. On the 



other hand, accumulated theoretical studies have shown 
that the density of states (DOS) at Ep is conserved irre- 
spective of the presence of the electron correlation in the 
Fermi liquid if momentum dependence of the self-energy 
is negligible. 0,0,0 This theorem has been proposed for 
a long time, but not experimentally confirmed yet, as far 
as our knowledge is concerned. 

Photoemission spectroscopy (PES) can directly probe 
occupied electronic structures of solids reflecting DOS. 
Valence-band PES studies of Sri_ x Ca x V03 so far per- 
formed at hv < 120 eV have shown that the intensity 
at Ep as well as the relative spectral weight of the co- 
herent part to the incoherentpart is systematically sup- 
pressed with increasing x. 0,13 It has been believed that 
such a behavior originates from the change of U/t with x. 
The change of the spectral weight at Ep by the effect of 
U/t suggests an essential role of a momentum-dependent 
self-energy, which is derived from the strong electron cor- 
relation. U H, IS ED However, these PES spectra are 
very sensitive to the surface electronic states due to a 
short photoelectron mean free path A. EJ03 The high- 
resolution valence-band PES at high-/ir/ near 1000 eV 
is a more direct and important technique to reveal the 
bulk electronic states near Ep owing to its longer A of 
photoelectrons. [lj, [lj, [iji |l|j In this Letter we demon- 
strate that genuine bulk spectral functions revealed by 
virtue of the high-energy and high-resolution PES for 
Sri_ x Caj;V03 on fractured surfaces are nearly indepen- 
dent of the Ca concentration x. This fact has been over- 
looked for a long time in low energy photoemission by 
the contribution of surface states which strongly changes 
with x. 
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The PES at hv = 900 and 275 eV was performed 
at BL25SU in SPring-8, Q where the PES spectra 
were measured by using a G AMM AD ATA- S CIENTA 
SES-200 spectrometer. Single crystals of SrV0 3 and 
Sro.5Cao.5VO3, and polycrystalline CaV03 were em- 
ployed for the measurements. The overall energy reso- 
lution was set to about 140 and 80 meV at hv = 900 and 
275 eV, respectively. The results were compared with 
the low-energy PES spectra taken at hv = 40.8 and 21.2 
eV by using a He discharge lamp, which were measured 
by using a VG CLAM4 spectrometer in Osaka Univer- 
sity. The energy resolution was set to 50-80 meV. The 
samples were cooled to 20 K for all the measurements. 
Clean surfaces were obtained by fracturing the samples 
in situ at measuring temperatures and the surface clean- 
liness was confirmed before and after the measurements. 
The base pressure was about 4 x 10 -8 Pa. 

Figures ^ an d HI show the high-resolution PES spec- 
tra near Ep measured at low- and high-energy excita- 
tions. In all the spectra, the peak near Ep and the 
broad peak centered at about 1.6 eV are correspond- 
ing to the coherent and incoherent parts, respectively. 
These structures are drastically enhanced in a V 2p — 3d 
resonance PES (not shown) and therefore originate pre- 
dominantly from the V 3d electronic states. On going 
from CaV03 to SrV03, the coherent part is clearly en- 
hanced in the low-energy PES spectra at hv = 40.8 eV 
as shown in Fig. ^a). This tendency is consistent with 
the previous low-energy PES studies. [8j,|9j] However, this 
spectral difference among the compounds becomes no- 
ticeably smaller in the spectra measured at hv = 900 
eV in Fig. njb). The photon-energy dependence of the 
V 3d spectral weights for Sri^Ca^VOs is summarized 
in Fig. |21 The coherent spectral weight increases dras- 
tically with the photon energy for all the compounds. 
One might consider that the relatively strong incoherent 
spectral weight of the 1.6 eV peak at \ow-hv originates 
possibly from a large O 2p weight in this peak because 
the low-energy PES of TM oxides is generally more sensi- 
tive to the O 2p states than the TM 3d states. However, 
the observed behavior with hv is rather independent of 
the relative photoionization cross section of the V 3d to 
O 2p states, 0] which should be the largest at 275 eV 
among hv = 21.2, 40.8, 275 and 900 eV. Therefore the 
monotonous increase of the coherent part with hv should 
originate from the increased sensitivity to the bulk 3d 
states at higher hv. Namely, the V 3d spectra at low- 
hv mainly reflect the surface electronic states which are 
more localized than the bulk states caused by the broken 
V-O-V topological connectivity and/or structural surface 
relaxations at the surface. 

We have estimated the bulk and surface V 3d spec- 
tral functions of Sri-^Ca^VOs from the experimental 
spectra at hv = 900 and 275 eV by the following pro- 
cedure: (1) The mean free path A has been calculated 
as -17 and -7 A at hv = 900 and 275 eV. [H (2) 
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FIG. 1: High-resolution V 3d spectral weights near Ef of 
Sri-^Ca^VOs at (a) low-energy hv = 40.8 and (b) high- 
energy hv = 900 eV, which have been obtained by subtract- 
ing the fitted tails of O 2p contributions from the raw spectra 
(dashed line and squares in the inset (c), respectively). 
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FIG. 2: Photon-energy dependence of the V 3d spectral 
weights for Sri-^Ca^VOa. The V 3d spectra are normalized 
by the integrated intensities of the incoherent part ranging 
from 0.8 to 2.6 eV. 



The bulk weight R (< 1, depending on hv) should be 
determined as exp(—s/\) where s is a "surface thick- 
ness", therefore R's at 900 eV (-R900) and 275 eV (#275) 
are related as R275 = Rgoo- (3) The observed V 3d 
spectrum I(Eb) at hv = 900 eV is represented as 
l90o(E B ) = bulk(E B )R gQ o + surf{E B )(l - R 900 ) while 
Izts(Eb) = bulk{E B )Rl % + surf{E B ){\ - Rf %), where 
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bulk(EB) [surf(Es)} is the bulk (surface) 3d spectral 
function and Eb stands for the electron binding energy. 
(4) If s is assumed as 7.5 A corresponding to about twice 
the V-O-V distance, i? g0 o (-R275) is determined as 
^0.64 (~0.34). The bulk and surface 3d spectral func- 
tions bulk(EB) and surf(Es) are consequently obtained 
from the observed spectra measured at hv = 900 and 275 
cV. It should be noted that the line shapes of bulk(Es) 
have hardly changed even when we assume s as from 5.4 
to 11 A. If s is assumed to be less than 5.4 A, unrealistic 
" negative" intensities are seen in some binding energy re- 
gion for surf(EB)- The uncertainty of s (5.4-11 A) yields 
the error for -R900 and R275 as ±0.12, by which the error 
of the intensity in the vicinity of Ep in the bulk spectra 
is estimated to be less than 15 %. The results for the 
bulk states are shown in Fig. 3(a). In contrast to the 
previous PES studies, the bulk 3d spectral functions are 
almost equivalent among the three compounds and the 
intensity in the vicinity of Ep does not change for dif- 
ferent x. These results indicate that the effect of the V- 
O-V distortion is not influential in the bulk 3d electronic 
states in Sri-zCa^VC^. Our bulk-sensitive results are 
consistent with the behavior of the electron specific heat 
and magnetic susceptibility measurements. This fact has 
never been revealed by so far reported low-energy PES. 
It should be even noticed that the bulk spectral functions 
nearly independent of x could not be obtained on scraped 
sample surfaces. 

In order to know the genuine effect of the electron 
correlation in the bulk for this system, we compare the 
bulk spectrum with a V 3d partial DOS for SrV03 ob- 
tained from a band-structure calculation as shown 
in Fig. I3b). Here, the partial DOS broadened by the 
instrumental resolution (dashed curve) is normalized to 
the bulk 3d spectral function of SrV03 by the integrated 
intensity from Ep to 2.6 eV. This comparison shows us 
two obvious discrepancies. At first, the band-structure 
calculation can not reproduce the incoherent spectral 
weight centered at 1.6 eV at all. Secondly, the width 
of the observed coherent part is about 60 % of the pre- 
dicted value. These features indicate that the vanishing 
coherent spectral weight due to the narrowing is trans- 
ferred to the incoherent part. Our study has revealed 
that the bulk electron correlation effect, which can not 
be fully taken into account in the band-structure calcu- 
lation, 0, H, S S E3 i s strongly modifying the pre- 
dicted bulk spectral function resulting in the spectral 
narrowing and redistribution. Nonetheless, it is found 
that the band-structure calculation really well reproduces 
the spectral intensity in the vicinity of Ep. This result 
provides the first experimental evidence for the conserva- 
tion of DOS at Ep against the electron correlation, 0] 
suggesting that the self-energy has nearly no momentum 
dependence in Sri_ :r Ca K V03. [13] Thus such a treatment 
as a dynamical mean- field theory (DMFT), in which 
the momentum dependence of the self-energy is not taken 
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FIG. 3: (a) Bulk V 3d spectral functions of SrV03 (closed cir- 
cles), Sro.5Cao.5VO3 (solid line) and CaVOs (open squares), 
(b) Comparison of the experimentally obtained bulk V 3d 
spectral function of SrV03 (closed circles) to the V 3d partial 
density of states for SrVOs (dashed curve) obtained from the 
band-structure calculation, which has been broadened by the 
experimental resolution of 140 meV. The solid curve shows the 
same V 3d partial density of states but the energy is scaled 
down by a factor of 0.6. 



into account, can be a useful approach. 

In Fig.0|are summarized the estimated surface 3d spec- 
tral functions by symbols. We notice that the coherent 
part near Ep increases on going from CaVOs to SrV03. 
Figure 0] also demonstrates that these spectra coincide 
well with the broadened 3d spectra measured at hv = 
21.2 eV as shown by solid curves, verifying that the sur- 
face contribution is predominant in the hv = 21.2 eV 
spectra. |2l| Some people believe that A generally takes 
a minimum in the kinetic energy region of ^100 eV and 
becomes longer again at low kinetic energies, e.g. ^20 
eV. Such an energy dependence has been known as a 
"universal curve". [11| On the other hand, Figs. [3 and 
0] suggest that the mean free path of the V 3d photo- 
electrons decreases with kinetic energy down to ~20 eV 
even in the low kinetic energy region. In this respect, 
a previous photoemission study of rare earth metals has 
indicated that A of 4/ photoelectrons decreases also with 
the kinetic energy down to ~20 eV, j2^ being again com- 
pletely inconsistent with the so-called universal curve. 
The surface-sensitivity of photoemission spectroscopy de- 
pends upon the individual orbital of individual material 
at \ow-hv. Therefore bulk electronic structures should 
be re-examined by high-resolution high-energy photoe- 
mission spectroscopy especially for strongly correlated 3d 
and 4/ electrons systems. 
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FIG. 4: Comparison of the surface 3d spectral functions (dots) 
estimated from our data by assuming the surface thickness s 
of 7.5 A with the 3d spectral weights measured at hv = 21.2 
eV (solid curves) broadened by the experimental resolution 
at hv = 900 eV (~140 meV). 

In summary, our results have demonstrated for the 
first time the importance of the high-energy and high- 
resolution photoemission spectroscopy for revealing the 
genuine bulk electronic states of the correlated 3d TM ox- 
ides. We have confirmed that the intensity of the spectral 
function at Ep is not much changed in the bulk spectra 
even when the electron correlation is effective in the TM 
oxides. Future theoretical studies will clarify why the 
surface 3d electronic states change appreciably with x 
whereas the bulk states are insensitive to x. 
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